Plant species can respond to small scale soil nutrient heterogeneity by proliferating roots or increasing nutrient uptake kinetics in nutrient-rich patches. Because root response to heterogeneity differs among species, it has been suggested that the distribution of soil resources could influence the outcome of interspecific competition. However, studies testing how plants respond to heterogeneity in the presence of neighbours are lacking. In this study, individuals of two species, Phytolacca americana L. and Ambrosia artemisiifolia L. were grown individually and in combination in soils with either a homogeneous or heterogeneous nutrient distribution. Above-ground biomass of individually grown plants of both species was greater when fertilizer was located in a single patch than when the same amount of fertilizer was distributed evenly throughout the soil. Additionally, both species proliferated roots in high-nutrient patches. A. artemisiifolia exhibited larger root : shoot ratios, increased nitrogen depletion from nutrient patches, and a higher growth rate than P. americana, suggesting A. artemisiifolia is better suited to find and rapidly exploit nutrient patches. In contrast to individually grown plants, soil nutrient distribution had no effect on final above-ground plant biomass for either species when grown with neighbours, even though roots were still concentrated in high nutrient patches. This study demonstrates that increased growth of isolated plants as a consequence of localized soil nutrients is not necessarily an indication that heterogeneity will affect interspecific encounters. In fact, despite a significant belowground response, soil nutrient heterogeneity was inconsequential to above-ground performance when plants were grown with neighbours.
INTRODUCTION
Considerable variation in soil nutrient levels can occur within the rooting area of a single plant (Beatty, 1984 ; Robertson et al., 1988 ; Lechowicz and Bell, 1991 ; Jackson and Caldwell, 1993 ; Gross, Pregitzer and Burton, 1995) . Several studies have shown that fine roots may proliferate in localized nutrient patches (e.g. Hackett, 1972 ; Saker, 1975, 1978 ; Granato and Raper, 1989 ; Jackson and Caldwell, 1989 ; Gross, Peters and Pregitzer, 1993 ; Black, Richards and Manwaring, 1994) . Proliferation can occur through either increased rates of fine root formation or decreased root death rates (Gross et al., 1993) . Nutrient uptake kinetics also increase under localized fertilization in some species (Jackson, Manwaring and Caldwell, 1990) . In addition to affecting below-ground growth, there is limited evidence that individually grown plants can have increased above-ground growth when nutrients are concentrated in nutrient patches (Anghinioni and Barber, 1980 ; Borkort and Barber, 1985 ; Mou, Mitchell and Jones, 1997) .
The timing and degree of response to soil nutrient heterogeneity differs among species (Eissenstat and Caldwell, 1988 ; Gross et al., 1993) causing some to predict * For correspondence at : Department of Biology, Wolf Hall, University of Delaware, Newark, Delaware 19716, USA. E-mail jcahill!udel.edu that small scale soil nutrient heterogeneity may affect the outcome of interspecific interactions or species coexistence (e.g. Jackson and Caldwell, 1989 ; Grime et al., 1991 ; Gross et al., 1993 ; Black et al., 1994 ; Mou et al., 1997) . Nutrient heterogeneity could directly alter below-ground interactions between neighbouring plants (Casper and Jackson, 1997) , or if species differ in their ability to extract resources from nutrient patches, this in turn could differentially affect whole plant growth rates and above-ground interactions. Even small differences in initial growth rates can result in large differences in final plant biomass when plants compete asymmetrically for light (Harper, 1977 ; Weiner, 1985 Weiner, , 1990 .
Inherent in the previous predictions that soil nutrient heterogeneity may influence competitive outcomes is the assumption that plants will respond to heterogeneity similarly, regardless of whether they are grown alone or with neighbours. Despite abundant evidence demonstrating root responses to soil nutrient heterogeneity and predictions that small scale soil nutrient heterogeneity may influence the outcome of interspecific encounters, there is little experimental evidence that small-scale soil nutrient heterogeneity actually affects plant performance when plants are grown with neighbours. In one previous study, we examined how populations of Abutilon theophrasti Medic. respond to heterogeneity in the form of alternating 8i8 cm blocks of 0305-7364\99\040471j08 $30.00\0
# 1999 Annals of Botany Company low and high-nutrient soil. Although total productivity was unaffected, plants located on high nutrient patches were significantly larger than those on low nutrient patches (Casper and Cahill, 1996) . A second study, using fewer, more concentrated patches found no effect of stem location on plant growth . Clearly, further study is needed to understand how neighbours influence plant response to nutrient heterogeneity. This study examines the growth consequences of spatial variation of soil nutrients for two old-field species, Ambrosia artemisiifolia L. and Phytolacca americana L. Plants were grown alone and in a mixture to evaluate whether a plant's response (both above-and below-ground) to nutrient heterogeneity is influenced by the presence of neighbours.
MATERIALS AND METHODS

Species descriptions
Ambrosia artemisiifolia (Compositae) is a native old-field summer annual common throughout the northeastern and midwestern United States. Larger individuals may reach heights of 1 m. A common member of early successional communities (often dominant), it has a high photosynthetic rate (Bazzaz, 1979) and can be a strong old-field competitor (Goldberg, 1990) . Phytolacca americana (Phytolaccaceae) is a herbaceous perennial also indigenous to the Eastern United States. Commonly found along roadsides, forest edges and mid-successional fields, adult plants can reach over 2 m in height. In contrast to A. artemisiifolia, P. americana is rarely the dominant member of natural communities (Cahill, pers. obs.). These species were chosen because of their contrasting life-histories and because they co-occur in recently abandoned fields of the northeastern United States (Cahill, pers. obs.).
Experimental design
Potted plants were grown either individually or with neighbours in an experiment conducted outdoors at the University of Pennsylvania, USA. Soil nutrient distributions were varied similarly in both neighbour treatments, with nutrients distributed either homogeneously throughout the soil or concentrated in nutrient patches. All pots were filled to a depth of 20 cm with a 5 : 4 : 1 mixture (by volume) of common topsoil, sand and Profile (a commercial clay). This ' background ' soil was constructed by thoroughly mixing ingredients with shovels on an asphalt driveway.
Complete nutrient analyses were conducted on a similar mixture of soil (with slightly more topsoil and less sand) used in a separate experiment . Soils used in that experiment had higher levels of phosphorus and potassium [x. (s.d.) Although this is not a measure of total nitrogen, it correlates well with plant growth (Page, Miller and Keeney, 1982 ; Casper and Cahill, 1996) . Plants grown indi idually. For individually grown plants, soil heterogeneity was created in 25 cm (diameter) pots (filled to a depth of 20 cm l 9800 cm$ of soil) by adding a single nutrient patch [commercial dehydrated cow manure (2-1-1, NPK)], to the background soil. The nutrient patches were made by creating a 15 cm deep by 1n5 cm diameter hole and filling it with 75 ml of manure. The nutrient patch was located approx. 5 cm from the centre of the pot. In the alternate soil treatment, a homogeneous mixture was constructed by thoroughly mixing the same quantity of manure into the background soil.
Seeds of both species were germinated in a glasshouse, and after 14 d, seedlings were bare-root transplanted into the glasshouse pots. One seedling of either A. artemisiifolia or P. americana was planted in the centre of each pot, so that plants were approx. 5 cm from the nutrient patch in pots with heterogeneous soil (Fig. 1) . there were six replicates of each speciesisoil treatment combination (24 pots in total).
Plants grown with neighbours. To determine whether neighbours influence a plant's response to nutrient heterogeneity, both species were grown together in both homogeneous and heterogeneous soil. A larger pot was used [48 cm diameter (filled to 20 cm in depth) l approx. 36 000 cm$] to accommodate four individuals per pot (two of each species), while maintaining approximately the same soil volume per plant as in the ' no neighbours ' treatment. We maintained the same volume per plant because soil volume has been shown to affect plant growth (McConnaughay and Bazzaz, 1991) . For similar reasons, soil depth was kept constant among the two neighbour treatments, even though the larger pots in the ' with neighbours ' treatment were slightly taller than the pots used for individually grown plants. There was no evidence that plants were shaded by the edges of the pots. In the heterogeneous soil treatment, two manure patches (each with 75 ml of manure) were spaced approx. 15 cm apart and equidistant from the centre of the pot. The homogeneous treatment was constructed as before by mixing 150 ml of manure into the background soil. Because we were investigating whether neighbouring plants affected growth responses to nutrient patches, it was essential to keep the value of the nutrient patch (75 ml of manure), and the nutrient content of the background soil constant in both experiments. As a result, the amount of manure added per plant in the ' with neighbours ' treatment (37n5 ml) was half that used when plants were individually grown (75 ml).
Two A. artemisiifolia seedlings and two P. americana seedlings were planted in alternate corners of a square pattern, centred within the pot. There were two planting patterns with respect to nutrient patches : (1) each individual of A. artemisiifolia less than 5 cm from the nearest nutrient patch and each P. americana individual 10 cm from the nearest patch (AH) ; or (2) each individual of P. americana less than 5 cm from the nearest nutrient patch and each A. artemisiifolia individual 10 cm from the nearest patch (PH) (Fig. 1) .
All pots were placed outdoors in May 1994. Pots were set on top of an asphalt driveway and randomly arranged with respect to soil and neighbour treatments. Plants were watered daily for the first 2 weeks, and approx. four times a week for the remainder of the experiment.
Measurements
After 9 weeks, both species had begun to flower. All plants were cut at the soil surface, dried at 70 mC, and weighed. To determine whether roots proliferated in response to localized nutrient enrichment, several 1n5 cm diameteri15 cm deep soil cores were taken from each pot. The location of the soil cores differed between the two neighbour treatments as explained below.
Plants grown indi idually. To examine the effects of nutrient heterogeneity on root distributions of individually grown plants, soil cores were taken : (1) directly on the nutrient patch, which was approx. 5 cm from the plant ; and (2) in the background soil, approx. 5 cm from the nutrient patch and 5 cm from the target plant (Fig. 1 ). Cores were taken from similar distances from the plants in the homogeneous treatment. Roots were removed from the soil cores by washing them over a 2 mm sieve, dried at 70 mC, and weighed. To determine the effect of soil nutrient heterogeneity on total below-ground biomass, the remaining root systems were excavated, washed, dried at 70 mC, and weighed. Total below-ground biomass was the sum of the dry root biomass removed from the two soil cores and the biomass of the remaining root system.
Plants grown with neighbours. To measure root distributions of plants grown in a mixture, one soil core was taken approx. 5 cm from each of the four plants, and a fifth core from the pot centre (Fig. 1) . In the heterogeneous soil treatments, two of these cores were located in nutrient patches, and three cores were located in the background soil. The roots in the soil cores could not be separated by species, so estimates of root biomass in the soil cores are for both species combined. It was also not possible to separate the four root systems, and total below-ground biomass for the plants grown in a mixture was not measured.
To determine whether heterogeneity in nitrogen distribution persisted for the duration of the experiment, a second set of soil cores was taken from the pots which contained both species. These cores were taken in : (1) one of the nutrient patches (chosen at random) ; and (2) the background soil adjacent to one of the plants. Cores were taken from similar locations in the homogeneous treatment. For each soil treatment, the cores from each of the six pots were pooled by soil type (nutrient patch or background soil) and the species adjacent to the soil core. Roots 2 mm were removed, and six sub-samples were used to measure mineralizable nitrogen (Waring and Bremner, 1964) . We assumed that if large differences in nitrogen were found between nutrient patches and the background soil at the end of the experiment, it is also likely that heterogeneity in the less mobile nutrients (e.g. phosphorus) also persisted throughout the experiment.
Statistical analyses
All statistical procedures were performed using Statistica for the Macintosh (StatSoft, 1994) . Data were transformed as necessary to satisfy the assumptions of ANOVA (normal distributions, homoscedasticity of variance, etc). The exact transformations conducted are reported below.
Abo e-ground biomass. To determine the effects of neighbours and soil heterogeneity on above-ground biomass, ANOVA was conducted with target plant species, soil treatment (grown in homogeneous soil or grown immediately adjacent to a nutrient patch), and neighbour treatment (grown individually or with neighbours) as fixed effects and above-ground biomass (square root transformed) as the dependent variable. Since mixtures included two individuals of each species per pot, pot was included as a random effect, nested within the neighbourisoil interaction. A significant neighbour treatmentisoil treatment interaction would indicate that the above-ground response to nutrient heterogeneity is altered by the presence of neighbours.
To determine whether distance from a nutrient patch influenced above-ground growth when plants were grown in mixture, a second ANOVA was conducted. This model included three soil treatments (patch next to P. americana, patch next to A. artemisiifolia, or homogeneous), target species, and pot (nested within soil treatment) as the three independent variables. Final above-ground biomass (square-root transformed) of the target species served as the dependent variable.
Below-ground biomass. Root : shoot ratio and total belowground biomass (square-root transformed) for individually grown plants were analysed in separate two-way ANOVAs with soil treatment (homogeneous or heterogeneous) and species as dependent variables.
Root distributions. Separate ANOVAs were conducted for the two neighbour treatments to determine whether root distributions were affected by nutrient distributions. For individually grown plants, soil treatment and species served as two independent variables. Two cores were taken from each pot, with dry root biomass in the two cores (Ln transformed) serving as two dependent variables. The two locations of the soil cores served as a repeated measure (fixed effect). In heterogeneous soil, one core was in a nutrient patch and the second in background soil. In homogeneous soil, cores were taken from similar spatial locations. A significant core locationisoil treatment interaction would indicate changes in rooting distributions as a function of the soil nutrient distribution.
A similar analysis was conducted to examine the effects of nutrient distributions on root distributions for plants in a mixture. In this case, there were three soil treatments [homogeneous, patches next to P. americana (PH), patches next to A. artemisiifolia (AH)], and three core locations [nutrient patch, background soil, or centre of the pot (or corresponding locations in homogeneous soil)]. Pot was used as a random variable nested within nutrient location (fixed effect) in ANOVA. Dry root biomass (Ln transformed) from soil cores taken from the three locations served as the three dependent variables, with core location as the repeated measure (fixed effect). A significant soil treatmenticore location interaction would indicate rooting distributions varied with nutrient location.
Nitrogen. To determine whether the three soil types (patch, background, or homogeneous) contained different amounts of mineralizable nitrogen at the end of the experiment a two-way ANOVA was conducted. Soil type and the species adjacent to the soil core served as the two independent variables, with Log "! (PPM-N) as the dependent variable. Since soil was pooled among pots, a pot effect is not included in the statistical model.
RESULTS
Effects of nutrient heterogeneity and the presence of neighbours on abo e-ground biomass
Both the main effect of soil treatment and the soil treatmentineighbour treatment interaction were significant (Table 1) . When grown individually, P. americana was significantly larger on heterogeneous soil than homogeneous soil [Student-Newman-Keuls Post-hoc test (SNK), P 0n05 ; Fig. 2] . A. artemisiifolia tended to have a greater biomass in heterogeneous soil than in homogeneous soil, but this was not significant (SNK P 0n05). In contrast to growth differences for individual plants, when the two T  1. Analysis of ariance for dry abo e-ground biomass (Ln transformed ) at the end of the experiment Pot  20  0n063  0n387  0n988  Species  1  11n010  111n853  0n001  Neighbour  1  0n151  2n410  0n136  Soil  1  0n449  7n071  0n014  SpeciesiPot  20  0n098  0n609  0n887  SpeciesiNeighbour  1  0n157  1n598  0n221  SpeciesiSoil  1  0n168  1n706  0n206  NeighbouriSoil  1  0n579  9n245  0n006  SppiNeighbouriSoil  1  0n120  0n124  0n728 Species, neighbour treatment (plants grown individually or with neighbours), and soil treatment (heterogeneous or homogeneous) served as three independent variables (fixed effects). Since four plants were grown together in the ' with neighbours ' treatment, pot served as a fourth independent effect (random, nested within the neighbourisoil treatment interaction). species were grown with neighbours, soil treatment had no effect on the above-ground biomass of either species (Fig.  2) . The three-way speciesineighbourisoil interaction was not significant, suggesting the two species did not significantly differ in their neighbour dependent response to nutrient heterogeneity.
When grown in a mixture, plant size for either species did not vary between plants grown immediately adjacent to a nutrient patch, 10 cm from a patch, or in homogeneous soil [main effect of soil treatment (AH, PH, or HOM) : MS l 0n028, F # , "& l 0n162, P 0n80]. When grown individually or in a mixture, A. artemisiifolia was significantly larger than P. americana in both heterogeneous and homogeneous soil (Table 1, Fig. 2 ). The presence of neighbours had no effect on the growth of either species (Table 1) , suggesting plants in this study did not experience either intra-or interspecific competition.
Effects of nutrient heterogeneity on fine root distributions when grown indi idually
When individually grown, both P. americana and A. artemisiifolia had a similar below-ground response to localized soil nutrients, reflected as a non-significant soilitarget speciesicore location interaction in ANOVA (Table 2, Fig. 3 ). For P. americana, more roots were located in the soil core taken on the nutrient patch in heterogeneous soil than in a core taken from a similar location on homogeneous soil (SNK P 0n05). A. artemisiifolia had a trend in the same direction, but it was not significant (SNK P 0n08). There was no difference in root biomass between soil treatments in cores taken in the background soil, in the heterogeneous soil, or in a similar location in the homogeneous soil (SNK P 0n10).
Effects of nutrient heterogeneity on fine root distributions when grown with neighbours
There was a significant soil treatmenticore location effect on root biomass distributions when plants grew with neighbours (Table 3 , Fig. 4 ). Similar to the results of individually grown plants, more roots were located in nutrient patches than in the background soil, regardless of whether P. americana or A. artemisiifolia was immediately adjacent to the nutrient patch (SNK P 0n05). Root biomass did not differ between background soil and homogeneous soils, regardless of which species was adjacent to the soil core (SNK P 0n05). Species and soil treatment (heterogeneous or homogeneous) served as two independent variables (fixed effects). There was repeated sampling of roots within each pot, with two cores taken from each pot. In heterogeneous soils, one core was taken in the nutrient patch and the other from background soil (in heterogeneous soil). Cores were taken in similar locations in homogeneous soil. Core location served as a repeated measure (fixed effect).
Effects of nutrient heterogeneity on total below-ground biomass and root : shoot ratios of indi idually grown plants
no effect on total root biomass (main effect of soil treatment : ANOVA F l 1n15 ; d.f. l 1, 17 ; P 0n05), or root : shoot ratios (main effect of soil treatment : ANOVA F l 0n85 ; d.f. l 1, 16 ; P 0n05). Soil treatmentispecies interactions were not significant for either root biomass or root : shoot ratios (P 0n05), suggesting soil heterogeneity had no effect on total root allocation for either species.
Effect of soil treatment and adjacent species on nitrogen le els at the end of the experiment
When the two species were grown in combination, there was a significant soil type (nutrient patch, homogeneous, or Pot and soil treatment [homogeneous or heterogeneous-with patches adjacent to P. americana (PH), or A. artemisiifolia (AH)] served as the independent variables. Pot was a random variable nested within soil treatment, therefore potisoil interactions do not exist. Within each pot, one core was taken immediately adjacent to each of the four plants, with a fifth core taken at the centre of the pot. In heterogeneous soil, two of the cores were in nutrient patches, two in background soil, and one in the centre of the pot. Cores were taken in similar spatial locations in the homogeneous soil treatment. The location of the core served as a repeated measure (fixed).
background)iadjacent species interaction in ANOVA (MS l 1n867, F l 59n246, d.f. l 2, 15, P 0n001 ; Fig. 5 ). More mineralizable nitrogen was present in nutrient patches than in either the background soil or the homogeneous soil (SNK P 0n05 ; Fig. 5 ). More nitrogen remained in nutrient patches next to P. americana than in the nutrient patches next to A. artemisiifolia (Fig. 5) . In general, nitrogen levels did not differ between the background and homogeneous cores. However, more nitrogen remained in cores taken next to P. americana in background soil than next to A. artemisiifolia in homogeneous soil (SNK P 0n05 ; Fig. 5 ). 
DISCUSSION
This study shows that above-ground plant growth response to nutrient heterogeneity depends upon whether neighbours are present. Above-ground growth was greater on heterogeneous soil than on homogeneous soil only when plants were grown individually. When grown with neighbours, the distribution of soil nutrients did not affect above-ground growth, even if plants were less than 5 cm from a nutrient patch. Importantly, the below-ground response to nutrient heterogeneity appeared unaffected by neighbours, as more roots were located in nutrient patches than in the background soil regardless of whether plants were grown with or without neighbours. These main findings are in direct contrast to assumptions made in previous studies. Several studies have shown that individual plants can respond (either above-or belowground) to resource heterogeneity, and have made explicit predictions that resource heterogeneity may influence the outcome of plant competition (Jackson and Caldwell, 1989 ; Gross et al., 1993 ; Black et al., 1994 ; Mou et al., 1997) . However, the current study is among the first to test specifically whether soil nutrient heterogeneity affects plant biomass when grown individually and when grown with interspecific neighbours. Our results suggest that much caution is warranted in extrapolating results from isolated plants to multi-species interactions, in how plants respond to soil nutrient heterogeneity. Additionally, this study raises doubt about the importance of such small scale nutrient heterogeneity in structuring old-field communities, where these species often co-occur. Prior studies have also suggested that small scale heterogeneity may be unimportant in altering above-ground growth in intraspecific competition Cahill, 1996, 1998) . Even though resources may be heterogeneously dispersed in nature, support demonstrating its importance for above-ground plant growth is lacking. However, this current study is only based on two species grown in pots, and further studies in the field are certainly necessary.
Because root foraging efficiency should increase when nutrients are spatially localized, increased above-ground growth of isolated plants grown adjacent to nutrient patches is not surprising. Close proximity of a nutrient patch should provide plants access to a large nutrient supply with only limited root growth, increasing nutrient uptake per unit root length over those in soil where the same quantity of nutrients is spread over a larger volume. Previous studies have found individually potted corn and soybean plants grew larger when phosphorus fertilizer was concentrated in small patches than when mixed homogeneously throughout the total soil volume (Anghinioni and Barber, 1980 ; Borkort and Barber, 1985) . Kovar and Barber (1989) suggest that when phosphorus occurs in concentrated patches, more is available for uptake because less is bound to the soil. Simulations have shown that even in the absence of root proliferation, plants may experience increased nutrient uptake if soil nutrients are heterogeneously distributed (Jackson and Caldwell, 1996) .
Although there was no significant above-ground response to heterogeneity when plants were grown with neighbours in our experiment, plants still exhibited the typical belowground response of concentrating roots in soil nutrient patches. As a result, the benefit gained from proliferating roots within a patch must have been reduced. The most likely reason for this is that two or more individuals accessed each nutrient patch, and thus competed for the nutrients within the patch. Importantly, only one density of neighbours was used in this study. It is very likely that the advantages of being located near a nutrient patch (even with neighbours) may increase as the nearest neighbour distance increases. Due to the difficulties in separating root systems of co-occurring individuals, little is known about how many neighbouring individuals access a single nutrient patch, and how that affects below-ground competition. Recent work by Casper, Cahill and Jackson (1998) has shown that within populations, root systems of many individuals may aggregate in nutrient patches.
One could argue that there was no increased growth with heterogeneity in mixtures because less nutrients were available. On a per plant basis, only half the volume of manure was added to the pots in which plants grew together as was added to the pots in which plants grew individually. However, plants located next to nutrient patches in both neighbour treatments had access to patches of equal nutrient value and still plants with neighbours exhibited no growth benefit from soil nutrient heterogeneity while those grown alone did.
The foraging behaviour of these two species supports ideas presented by Campbell et al. (1991) , in which they suggest that species differ in their ability to respond to nutrient patches through tradeoffs in the scale and precision of foraging. They propose that plants with large root systems should forage over a large area, with very little precision, while subordinate plants should forage more precisely over smaller areas. It is intriguing that the species with the larger root system, and presumably the more coarse foraging (A. artemisiifolia), did not show significant above-or belowground growth differences in heterogeneous soil (Post-hoc SNK ; Figs 2 and 4), while the subordinate species (P. americana) did. However, since there was no evidence that the two species differed in response to soil heterogeneity (non-significant sppineighbourisoil, and sppisoilicore interactions ; Tables 1 and 2 ) it is unclear whether the significant differences found in the post-hoc analyses are biologically accurate, or simply a function of some experimental artefact (e.g. low sample sizes). Interestingly, Gross et al. (1993) also found A. artemisiifolia to have a limited ability to increase its root biomass in response to localized nutrient enrichment, supporting the idea that this species may have limited ability for fine scale foraging. It is important to note that only the first-year growth state of P. americana was used in this study. It is entirely possible that the larger, more mature plants exhibit a different foraging strategy.
The fact that nitrogen levels differed as a function of location (next to A. artemisiifolia or next to P. americana) suggests that plant identity may contribute to the formation of the soil nutrient heterogeneity that is currently observed in natural systems. Our results suggest that changes in the identity of species in a community could be a causal factor for the observed changes in heterogeneity over time (Gross et al., 1995) . However, evidence that changes in soil nutrient heterogeneity actually influence plant growth in natural systems is still lacking.
CONCLUSIONS
The study shows that in contrast to commonly-made assumptions, above-and below-ground responses to heterogeneity when plants are grown individually does not necessarily indicate they will respond similarly when grown with neighbours. Although these findings are based on only two species, this work suggests that the actual importance of small-scale soil nutrient heterogeneity in structuring oldfield communities may be extremely limited-regardless of observations made on isolated plants. In order to understand the role, if any, of heterogeneity in influencing the composition of natural communities, further work is needed to determine : (1) how heterogeneity influences belowground competition ; and (2) whether the ability of species to respond to heterogeneity varies as a function of lifehistory. Until we have a better understanding of how neighbours influence a plant's response to resource heterogeneity, caution is warranted in using evidence from isolated plants to predict the effect of soil nutrient heterogeneity in natural communities.
